Iron is one of the most important essential elements for living organisms. As the possibility of iron being an important parameter which controls the generation rate of phytoplankton in the ocean has been indicated, knowing the iron concentration in the seawater has an important meaning for marine science. 1 However, the trace element concentration of seawater samples, especially from open ocean surface water, is very low. It is not so easy to certify real concentrations because of the difficulty in measuring seawater directly due to high concentrations of matrix elements which will interfere with the measurement. For this reason, matrix separation and preconcentration methods are indispensable. Solvent extraction and ion exchange resin methods have often been used for these matrix separations. Recently, reports using iminodiacetate chelating resin, such as Chelex 100 and Muromac A-1, have been published. [2] [3] [4] Additionally, Sumitomo 3M Co. has produced a chelating disk (47 mmφ) (Empore) composed of adsorbent particles entrapped in a matrix of inert PTFE to create a mechanically stable adsorbent disk. This resin disk provides a good way to get solid phase extraction for separation of heavy metals. 5 Blank control in sample preparation is very hard, because iron is easily introduced as a contaminate from the environment. It is very important to develop a simple separation method without contamination. Solvent extraction and ion exchange resin methods have been used for these matrix separations, including using iminodiacetate chelating resin.
Introduction
Iron is one of the most important essential elements for living organisms. As the possibility of iron being an important parameter which controls the generation rate of phytoplankton in the ocean has been indicated, knowing the iron concentration in the seawater has an important meaning for marine science. 1 However, the trace element concentration of seawater samples, especially from open ocean surface water, is very low. It is not so easy to certify real concentrations because of the difficulty in measuring seawater directly due to high concentrations of matrix elements which will interfere with the measurement. For this reason, matrix separation and preconcentration methods are indispensable. Solvent extraction and ion exchange resin methods have often been used for these matrix separations. Recently, reports using iminodiacetate chelating resin, such as Chelex 100 and Muromac A-1, have been published. [2] [3] [4] Additionally, Sumitomo 3M Co. has produced a chelating disk (47 mmφ) (Empore) composed of adsorbent particles entrapped in a matrix of inert PTFE to create a mechanically stable adsorbent disk. This resin disk provides a good way to get solid phase extraction for separation of heavy metals. 5 Blank control in sample preparation is very hard, because iron is easily introduced as a contaminate from the environment. It is very important to develop a simple separation method without contamination. Solvent extraction and ion exchange resin methods have been used for these matrix separations, including using iminodiacetate chelating resin.
On the other hand, ICP-MS is one of most powerful techniques for trace element analysis in environmental samples.
But, for high-matrix samples such as seawater, in many cases hard matrix effects (deterioration of the stability and decrease of the sensitivity etc.) are caused. In addition, some molecular ions produced from Ar gas and matrix elements interfere with certain elements. Generally, trace level iron analysis using ICP-MS is very difficult because of the argon gas based molecular ions; 40 Ar 14 N, 40 Ar 16 O and 40 Ar 16 O 1 H, which interfere at masses 54, 56, and 57, which are the three main iron isotopes. The Cool-Plasma method 6 and high-resolution ICP-MS were widely used in the semiconductor industry as solutions to these problems. 7 Recently, collision cell technology (CCT) has become available and its use is beginning to spread rapidly. [8] [9] [10] This is a very new molecular ion reduction technique. For the instrument used in this work, the collision gas is introduced into a multipole cell fixed inside the vacuum system. After the collision (or reaction), gas (He, H, etc.) is introduced into the cell; then molecular ions of Ar origin are eliminated by collision with polyatomic ions.
The authors have developed a separation method for trace iron using a chelating extraction disk (47 mmφ) for matrix separation. This chelating disk is composed of entrapped adsorbent particles into a matrix of inert PTFE to create a mechanically stable absorbent disk. For determination, the isotope dilution method (ID) was used. ID is one of the most accurate analytical methods, because accuracy of concentration determinations is directly dependent on the precision of the isotopic ratio measurements, which are obtained without difficulty at under 1% RSD repeatability using ICP-MS. Also, ID does not require chemical separation. This is a very important and useful point for multi-elements analysis.
The purpose of the present study is the first development of a An analytical method for trace levels of iron in a seawater sample using isotope dilution ICP-MS was developed. Preconcentration of iron and the removal of major elements in seawater such as alkali and alkaline-earth elements can be carried out quickly using a chelating resin disk by adjusting the sample pH to 3. The collision cell option of the ICP-MS instrument method was used to improve the performance of the instrument for iron measurements since ArO and ArN interferences could be reduced using this analytical method. About 4 ml min -1 helium, as the collision gas, were introduced into the cell. 40 Ar 14 N and 40 Ar 16 O which interfere with 54 Fe and 56 Fe in water had their amounts decreased by 5 orders of magnitude. Then, the isotope dilution method was used for iron determination below ng g -1 level of trace iron in four environmental reference materials (river water standard sample JAC-0031 (Japan Soc. for Analytical Chemistry), estuarine standard sample SLEW-2 (NRC Canada) and seawater standard samples CASS-3 and NASS-5 (NRC Canada)) were measured. Good agreement between analytical results and certified values of reference materials was obtained, which confirmed the effectiveness of this method. concentration range of iron in seawater using a combination of the chelating disk separation method and the isotope dilution method with CCT-ICP-MS.
Experimental

Reagents
A chelating disk (47 φmm) (Empore Sumitomo 3M Co.) was used for matrix separation. In the separation work, the disk was fixed in an ordinary disk holder for water filtering made of quartz. Afterwards, samples were filtered by suction.
All glassware was boiled in 10% nitric acid, and then washed in pure water before use. The working standards were prepared from SPEX high-purity standard solution (SPEX Inc.). As the spike for the isotopic isotope dilution step, the 54 Fe spike solution (97.2% 54 Fe) made by Tecnolab Inc. was used. Chemicals for sample preparation and separation, (acetic acid and nitric acid) were ultra-high purity analytical reagent acetic acid and nitric acid, made by AA100 Tama Chemicals. Ammonia used was also ultra-high purity and was made by Kanto Chemical Company. In addition, electronics grade nitric and hydrochloric acid made by Mitsubishi Chemicals were used for cleaning. Laboratory-treated high purity water was used for experiments. The water purification procedure was two stage, and followed almost the same steps as in the water system for 32 Mbyte DRAM chip production. The first stage had a primary deionizing system, which combined an active carbon filter and reverse osmosis and a single step cation and anionexchanger. The second stage consisted of a water re-circulator system with a four-step high performance cation and anionexchanger. Iron concentration of the treated water was under 1 pg g -1 .
Samples and sample handling
The seawater samples were filtered through 0.45 µm membrane filters and put in cleaned poly-ethylene bottles after pH and EC measurements. The samples were stored in a refrigerator at 5˚C for 24 h after adding the 54 Fe spike and nitric acid to 3 vol% to establish the isotope equilibrium. All sample handling and preparation was done in a Class 100 clean room.
Instrumentation
The ICP-MS instrument used a PQ-ExCell-S (Thermo Elemental Co.). The ICP-AES instrument used for measurement of the matrix elements was a LIBERTY 2 (Varian Co.).
Results and Discussion
Cleaning of chelating resin
Generally, the purchased chelating resin had contamination from many elements, and pre-cleaning was necessary before use. At first, the cleaning procedure for the disk was examined. The disk was placed in the holder. And 50 ml pure water was run through it. Then, 3 M nitric acid (20 ml) was eluted through the disk 6 times (total 120 ml). The iron concentration in each elution was measured by ICP-MS using the Cool-plasma conditions. The results are shown in Fig. 1 . In the first solution, over 100 pg g -1 level of iron was detected, and the iron concentration gradually decreased with the cleaning. However, iron concentration was saturated above 120 ml and about pg g -1 . This result meant that it was very difficult to clean the disk completely by usual cleaning methods. Then before use, the disk was soaked overnight in 3 M nitric acid solution which had iron concentration under 10 pg g -1 , and the same experiment was run again. These results are shown also in Fig. 1 . In this case, iron concentration was a sufficiently low value (under 10 pg g -1 ), when 120 ml had been passed. From the above, each disk should only be used after soaking in clean 3 M nitric acid solution overnight.
Separation of iron
The recovery rate of iron with high matrix component using a simulated seawater sample was obtained by studying the pH dependence. The pH was changed from 2 to 9. Before and after samples were passed through the disk, 50 ml of ammonium acetate solution was used for the conditioning. A 50-ml volume of water (20 ml) was passed through for cleaning of the column. Finally 10 ml of 1.5 M nitric acid were passed for elution. The pH of the ammonium acetate solution for conditioning and cleaning of the disk was equalized with the pH of the samples. The relationship between pH and recovery rate is shown in Fig. 2 . The recovery rate was around 100% at pH over 3.0. From the above, the pH 3.0 to 5.0 range was optimum for the sample. The elution volume required was examined. The results showed that, over 70% of the iron was recovered for 5 ml, and that over 90% could be recovered for 10 ml. Then, the volume used for the elution of the disk was set as 10 ml.
Next, we examined the extraction ratio of matrix component. Concentrations of Na, K, Mg, and Ca in the elution were obtained by ICP-AES. For alkaline earth elements such as Mg and Ca, their removal rate decreased with pH increase over 3. The alkali elements behaved similarly. It was 1026 ANALYTICAL SCIENCES JULY 2004, VOL. 20 Fig. 1 Effect of pre-washing on contamination from chelating desk. Fig. 2 Sample pH dependence on recovery of iron.
proven that alkali and alkaline earth elements were only slightly retained in the resin at pH over 4. Generally, the adsorption coefficient of alkali and alkaline earth elements to chelating resin is small. It is known that these elements can be removed by running an excess volume of washing solvent (ammonium acetate) after the sample. Then, the optimum amount of washing solvent was examined. A 200-ml volume of simulated seawater was used as a sample. After running the sample, 50 ml of 500 mM ammonium acetate (pH 3) solution was passed through 6 times (total 300 ml). The concentrations of Na, Mg and Ca in each elution were measured by ICP-AES. From this result, it was seen that the amount of matrix component could be reduced more than 5 orders by running 300 ml of washing solvent. Finally, the complete, optimized chemical separation method for iron was is shown in Fig. 3 . Required time for separation of a 200 ml seawater sample was less than 30 min. This was faster than for column separation.
Optimization of ICP-CCT-MS
Helium was used as the collision gas. When one changed the flow rate of He gas introduced into the cell, the molecular ions produced from Ar gas such as ArO and ArN, and as well as the iron signal intensity, changed. Then, the changes of ArN, ArO and 56 Fe signals were measured at different volume flow rates of He gas. In each measurement, instrument parameters such as the ion lens voltage, were adjusted so that the molecular ion signal was minimized and the iron signal maximized. The results are shown in Fig. 4 . Both molecular ion signals were decreased over 3 orders when the volume of He introduced into the cell were increased. However, the iron signal did not decrease more than about 20%. The decreasing factor of the molecular ion was larger than for iron, and S/N ratio became a maximum at an He flow rate of 6.5 ml min -1 . Table 1 shows operating conditions of ICP-CCT-MS. The limit of detection for iron using the calibration curve method, which was 3 times the standard deviation of deionized water sample concentration for 10 times acquisitions, was about 10 pg g -1 .
The examination of the operational blank
Since iron is widely used in human activities, it is one of the easiest elements to introduce as a contaminant in environmental samples. It is necessary to determine the level of contamination from environment and reagent sources when low concentration measurements are made. The iron is possibly most easy to introduce as a contaminant in the chelate separation. So blank level tests for separation and concentration procedures were carried out to in both the usual standard laboratory (class > 10 7 ) and inside a clean room (class < 100). The results are shown in Table 2 . In the clean room, the total blank level was under 100 pg g -1 and was constant. But, in the laboratory, the blank level was relatively high (over 400 pg g -1 ) and the dispersion variation of the contamination value was also large. It was considered, that, since the iron concentration in surface seawater is 50 pg g -1 or less, it was necessary to carry out all separation work in the clean room.
Precision of the isotopic ratio analysis
The precision of the isotope dilution analysis is influenced by the precision of the isotopic ratio measurement. Examination of the iron isotopic ratio precision dependence of sample concentration were carried out. In this examination, the samples were spiked so that the 54/56 ratio became approximately 1:1 using a 54 Fe spike. Unspiked samples were also measured. Using these samples fluction of the isotope ratio repeatability was measured. These results are shown in Fig. 5 . For sample concentrations over 0.5 ng g -1 , the precision of the isotope ratio become under 1%. The total level of iron in the measurement solution was therefore adjusted to be over 1 ng g -1 for subsequent measurements.
The analytical results of reference materials and coastal seawater
The iron concentrations of four environmental reference materials, (river water reference materials JAC-0031 (Japan Soc. for Analytical Chemistry), and estuarine reference materials SLEW-2 (NRC Canada) and seawater reference materials CASS-3 and NASS-5 (NRC Canada)), were measured using this method. The analytical results, for 10 repeat separations and measurements of each sample, are shown in Table 3 . Very good comparison to certified values was obtained, which demonstrated that it was possible to confirm the effectiveness of this method. In addition, analytical results of coastal seawater samples from the Pacific Ocean collected 2.5 km (depth = 50 m) off the coast of Rokkasho village, Aomori Prefecture Japan are given in Table 4 . These samples were collected four times during 2003. Iron concentration of all samples was lower than 1 ng g -1 . Concentration of surface water was about 0.3 ng g -1 . This value was a little bit lower than the average concentration of coastal seawater. In 40 m samples, the iron concentration tends to be high in the summer, and low in the spring and autumn. Specially, in September sample, the iron concentration of surface water was higher than in other seasons. This tendency seemed to be linking to increased Fe concentration at bottom water. The reason of these seasonal variations of Fe concentration was very difficult to specify; possibly it was due to local changes of the ocean current and biological activity. We need more detailed research. It was possible to observe such a small concentrationchange by carrying out the highly accurate analysis.
It is thought that this method will become an effective analytical tool for trace level of iron, because of the shorter separation time and lower operational background.
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